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VARIATIONS  IN  THYMOCYTE  SUSCEPTIBILITY  TO  CLONAL  DELETION 

DURING  ONTOGENY 

Implications  for  Neonatal  Tolerance 

CHARLES  M.  ZACHARCHUK.*  MLADEN  MERCEP.*  CARL  H.  JUNE.'  ALLAN  M.  WEISSMAN.'  and 

JONATHAN  D.  ASH  WELL'" 


From  the  'Biological  Response  Modifiers  Prog,  am.  National  Cancer  In^tUnlc.  National  lnt>titutes  of  Health.  Betheida.  MD 
20892.  'Immune  Cell  Biology  Program.  Naual  Medical  Research  liibtituic.  Bethebda.  MD  20889.  and  'Experimental 
Immunology  Branch.  National  Cancer  InbtUiite.  National  Inbtiliiteb  oj  Health.  Bethesda.  MD  20892 


Activation  of  immature  thymocytes  via  the  TCR 
results  in  programmed  cell  death  and  clonal  dele¬ 
tion.  We  have  examined  thymocytes  from  mice  of 
different  ages  and  observed  that,  whereas  TCR-me- 
diated  signaling  caused  deletion  of  thymocytes  from 
newborn  and  3-week-old  mice,  it  failed  to  delete 
thymocytes  from  mice  of  1  week  of  age.  This  could 
not  be  attributed  to  differences  in  cell  surface  TCR 
expression,  TCR-mediated  phosphoinositide  hydrol¬ 
ysis  or  Ca^^  mobilization,  or  total  cellular  levels  of 
TCR  f-  and  ij-chains.  Moreover,  thymocytes  of  all 
ages  were  equally  susceptible  to  corticosteroid-  and 
Ca®*  ionophore-induced  programmed  cell  death. 
These  data  are  consistent  with  the  notion  that  fetal 
and  neonatal  thymoc5des  represent  a  relatively  syn¬ 
chronous  wave  of  cells  passing  through  phases  in 
which  they  are  susceptible  and  then  resistant  to 
TCR-induced  programmed  cell  death.  They  also  sup¬ 
port  the  notion  that  the  classical  phenomenon  of 
neonatal  tolerance  is  due  to  clonal  deletion  and  that 
the  inability  of  allogeneic  cells  to  tolerize  mice  at  1 
'week  of  age  is  because  the  thymocytes  are  refrac¬ 
tory  to  TCR-o/3-mediated  clonal  deletion. 

For  mature  T  cells,  the  predominant  outcomes  of  TCR 
occupancy  include  secretion  of  lymphokines  and  entry 
into  the  growth  cycle.  For  many  thymocytes,  however, 
receptor  occupancy  leads  to  clonal  inactivation.  This 
process,  known  as  negative  selection,  is  fundamental  to 
the  establishment  of  Immune  self-tolerance.  Two  types 
of  inactivation  have  been  observed,  clonal  anergy  and 
clonal  deletion.  Clonal  anergy  occurs  when  potentially 
autorcactlve  cells  persist  but  fail  to  respond  tqjsglf^Ag  by 
secreting  lymphokines  and  proliferating  j[l  -3)'.  Clonal 
deletion  is  the  acti^elimlnatlon  of  the  autoreactive  cells 
.-I  and,  in  several  ex^rlmental  systems  using  thymocytes, 
has  been  showji.to  be  the  result  of  programmed  cell  death 
(apoptosis)  (^-6).  Some  of  the  hallmarks  of  activation 
. .  Induced  T  eell  programmed  cell  death  arc  a  requirement 
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for  extracellular  Ca^  and  new  mRNA  and  protein  syn¬ 
thesis.  the  autofragment^tion  of  nuclear  DNA  into  180- 
to  200  bp  niultimers^rld  prevention  of  the  process  by 
cyclosporine  A 

Neonatal  tolerance!  yu  classical  model  of  Ag-speciflc 
tolerance,  is  induced  by  injection  of  viable  allogeneic  cells 
into  newborn  mice  (10).  If  this  is  done  within  the  first 
day  of  life,  the  recipients  fail  to  reject  skin  grafts  from 
the  allogcneii  mice  weeks  or  even  months  later  (i.c.,  are 
tolerant),  inoculation  of  older  mice  is  progressively  less 
effective.  More  recently,  it  has  been  shown  that  injection 
of  anti-TCR  antibodies  into  young  adult  mice  results  m 
thymocyte  deletion  by  the  process  of  programmed  cell 
death  (9).  In  the  present  study.  anti-TCR  antibodies  or 
the  SEB^  ‘  superantigen"  were  used  to  activate  thymocytes 
from  mice  ol  different  ages,  in  an  attempt  to  integrate 
the  two  experimental  models.  Surprisingly,  although  no 
difference  m  TCR-initiated  signal  transduction  was  de¬ 
tected.  the  manifestation  of  clonal  deletion  varied  in  a 
distinctive  fashion  as  a  function  of  ontogeny.  The  results 
support  the  notion  that  the  susceptibility  of  the  “imma¬ 
ture"  thymocyte  subpopulation  to  clonal  deletion  changes 
during  the  course  of  development  and  provide  a  cellular 
model  for  the  phenomenon  of  neonatal  tolerance. 

MATERIALS  AND  METHODS 

Mice.  Timed  pregnant  B6  mice  were  obtained  from  the  Frederick 
Cancer  Research  Center  (Frederick.  MD). 

Antlbodievand  reagents.  Hamster  IgG  was  purchased  from  Jack- 
son  ImmunoRcscarch  Laboratories.  Inc.  (West  Grove.  PA).  H57  Is  a 
hamster  anti  mouse  TCR  off  antibody  (1  Ij.  F23.1  Is  a  mouse  antl- 
Vfl8  antibody  (12).  RR-4-7  Is  a  rat  antl-mousc  V/36  antibody  (13). 
2C1 1  IS  a  hamster  antl-mousc  CD3-«  antibody  (14),  and  OKT3  Is  a 
muuscanti  human  CD3  «  antibody  (15).  FITC-GK  1.5  (antl-CD4)  (16) 
and  biotinylated  2  43  (anti  CDS)  (17)  were  kindly  provided  by  Ada 
Krulsbcck  (National  Institutes  of  Health.  Bethesda.  MD).  SEB  and 
DEX  were  purchased  from  Sigma  Chemical  Co.  (St.  Louis.  MO), 
lonomycin  was  purchased  from  Calblochcm  (La  Jolla,  CA). 

Thymocyte  depletion  assays  Mice  were  Injected  l.p.  wltli  control 
hamster  IgG  or  1 157  antibodies  In  PBS.  using  a  fixed  antlbody/mousc 
weight  ratio  in  a  given  expenment.  Forty-clglit  liours  later,  the  mice 
were  sacrificed,  their  tliymi  were  removed  and  made  Into  single  cell 
suspensions,  and  viability  was  determined  by  trypan  blue  exclusion. 
Percentage  of  recovery  was  expressed  as  the  number  of  thymocytes 
In  treated  vs  control  animals: 

Average  number  of  viable  thymocytes 

_ rccovercd/trcatcd  mouse _ 

Average  number  of  viable  thymocytes  ^ 
rccovcrcd/liamstcr  IgG-trcatcd  mouse 

’  Abbreviations  used  In  this  paper.  SEB.  Staphylococcal  cnterotoxln  B. 
B6.C57BL/6. H57. H57  597.2Cli.  145-2Cll.Pl.phospholnoslUdc.DEX, 
dexamethasone:  (Ca”),.  Intracellular  Ca”  concentration. 
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For  some  cx'pcrltncnts.  timed,  pregnant  B6  mice  were  used.- Day  0 
(fetal  day  19.  the  day  of  birth)  pups  were  Injected  within  24  h  of 
birth.  To  determine  the  effects  of  SEB  on  vp  expression  In  vitro, 
thymic  lobes  from  mice  of  different  ages  were  cultured  in  medium 
consisting  of  DMEM  supplemented  with  10%  PCS.  2  mM  glutamine, 
10  U/ml  penicillin.  100  ^ig/ml  streptomycin,  100  i^g/mX  gentamicin. 
0.1 1  mg/ml  sodium  pyruvate.  5  x  10"®  M  2-ME.  and  10  mM  HEPES 
(complete  medium),  with  or  without  SEB  (30  /ig/ml).  The  thymic 
lobes  were  then  cultured  on  Nueleopore  filters  supported  by  Gelfoam 
gelatin  sponges  (18).  After  24  h.  the  thymle  lobes  were  removed, 
made  Into  single-cell  suspensions,  cultured  In  complete  medium  for 
4  to  8  h  at  37°C  as  described  (19).  and  then  analyzed  for  Vp  expres¬ 
sion  by  flow  cytometry. 

Flow  cytometry.  To  determine  CD3  and  vp  expression,  lo® 
thymoeytes  were  stained  with  FITC-conJugalcd  H57  or  culture 
supernatants  (F23.1  and  RR-4-7).  followed  by  FITC-labeled  goat 
anti-mouse  or  FITC-goat  anti-rat  Ig  (Jackson  ImmunoRcscarch 
Laboratories),  and  analyzed  with  a  FACScan  (Becton-Dlcklnson  Im- 
munocytometrlc  Systems.  Mountain  View.  CA)  by  using  FACScan 
software.  To  determine  CD3.  CD4.  and  CDS  expression,  thymocytes 
were  stained  with  FITC-conjugated  2C1 1  or  FITC-GK  1.5  plus  bioti¬ 
nylated  2.43.  followed  by  phycoerythrln-avldln  (Calblochem). 

Measurement  of  phosphatldyllnosltol  hydrolysis.  Thymocytes 
were  loaded  with  myo-|®H|lnosltol  (14  Cl/mmol:  NEN.  Boston.  MA) 
for  3  h  at  37°C.  as  described  (20).  The  cells  were  thoroughly  washed 
and  divided  Into  duplleatc  groups,  at  the  Indicated  numbers.  In  tubes 
containing  10®  LK  35.2  cells  to  provide  FcR  for  antibody  cross- 
linking  (21).  Activating  antl-TCR  antibodies  were  added,  and  at  the 
indicated  times  the  cells  were  lysed,  lipids  were  extracted,  and  the 
water-soluble  labeled  products  of  PI  hydrolysis  were  measured  by 
anion  exchange  chromatography  (20).  The  mean  cpm  achieved  for 
each  experimental  point  was  divided  by  the  total  cpm  incorporated 
by  the  cells  (yielding  percentage  of  labeled  phospholipid),  and  then 
the  percentage  of  labeled  phospholipid  generated  In  the  absence  of 
1157  (background)  was  subtracted,  to  yield  change  In  percentage  of 
labeled  phospholipid. 

Measurement  oj  ICa?'!,.  Determination  of  thymocyte  (Ca’*l,  was 
modified  from  the  procedure  of  Rablnovltch  and  June  (22).  Briefly, 
thymocyte  suspensions  were  prepared  from  B6  mice  of  the  indicated 
ages  and.  after  a  3-h  culture  at  37“C  In  complete  medium.  5  x  10® 
cclls/ml  were  loaded  with  1 .8  mM  Indo- 1  (Molecular  Probes.  Junction 
City.  OR).  In  HBSS  without  phenol  red.  for  30  min  at  30®C.  For  each 
sample,  either  HBSS  (control)  or  20  itg  of  H57  antibody  were  added 
to  5  X  10®  cells  In  0.1  ml  of  HBSS  on  Ice  for  several  min:  cells  were 
washed  once  with  HBSS  and  added  to  0.5  ml  of  prewarmed  37’’C 
HBSS  containing  50  tig/m\  goal  antl-hamslcr  IgG  (KIrkegaard  and 
Perry  Laboratories.  CalthCi'sburg.  MD).  Cells  were  then  analyzed  for 
violct/bluc  fluorescence  emission  ratio  (395  nm/500  nm).  as  de¬ 
scribed. 

Anoliysis  oJ thymocyte  utabilUy  by Jlow cytometry.  Thymic  lobes 
from  B6  mice  were  removed  on  different  days  after  birth  and  cul¬ 
tured  as  a  single-cell  suspension  In  5-ml  lubes  (Falcon  no.  2058: 
Bccton  Dickinson.  Lincoln  Park.  NJ)  at  2  x  10®/ml.  In  complete 
medium,  with  or  without  the  indicated  reagents.  After  15  h.  cells 
were  analyzed  In  the  presence  of  propidlum  iodide  (10  /<g/ml)  with  a 
FACScan.  by  using  an  excitation  wavelength  of  488  nm  and  detec¬ 
tion  at  585  nm:  10.000  events  were  collected  for  each  data  point. 
The  cells  were  easily  resolved  into  positive  and  negative  populations, 
and  electronic  gates  were  set  accordingly  The  data  arc  expressed  as 
the  percentage  of  analyzed  cells  that  did  not  stain  with  propidlum 
Iodide  (viable).  The  numbers  in  parentheses  represent  (percentage 
of  unstained  cells  In  each  treatment  group/pcrccntagc  of  unstained 
cells  in  cultures  with  medium  alone)  x  ICO. 

RESULTS 

TCR  mediated  signal  transduction  at  different  days 
of  development.  Inoculation  of  newborn  mice  with  allo¬ 
geneic  cells  is  superior  to  inoculation  of  1 -week-old  mice 
in  terms  of  the  induction  of  long  term  tolerance  (10).  One 
possible  explanation  for  this  is  that  the  signal  transduc¬ 
tion  pathways  are  quantitatively  or  qualitatively  different 
betw'ccn  thymocytes  of  varying  ages.  To  test  this  possi¬ 
bility,  early  signal  transduction  events  were  assessed  in 
thymocytes  from  mice  of  different  ages.  First,  the  hy¬ 
drolysis  of  PI  to  inositol  phosphates  In  response  to  TCR 
cross-linking  by  an  antl-TCR-a/S  mAb,  H57,  was  exam¬ 
ined  in  B6  thymocytt  ’v  (Fig.  1).  The  kinetics  of  total 
inositol  phosphate  production  by  both  fetal  day  18,  nco- 


Flgure  I  Thymocyte  1157-lnduccd  PI  hydrolysis  as  a  function  of  age. 
Thymocytes  from  B6  mice,  age  fetal  day  18.  day  0.  day  7.  or  3  weeks, 
were  loaded  with  myo-|®H|lnosltoI  and  divided  Into  duplicate  groups  of  2 
V  10*eells/polnt  (A)or  3  v  10*cclls/polnt  (B).  In  tubes  containing  10®  LK 
35  2  cells  A  a  1/50  dilution  of  H57  supernatant  was  added  to  the  tubes 
at  lime  0  and  at  the  Indicated  times  the  cells  were  lysed,  lipids  were 
extracted,  and  the  water-soluble  labeled  products  of  PI  hydrolysis  were 
measured  by  anion  exchange  chromatography.  B.  the  Indicated  concen¬ 
trations  of  1157  supernatant  were  used  to  stimulate  the  thymocytes  for 
75  min.  at  which  time  the  cells  were  handled  as  In  A. 

•  >» 

f 

natal  day  0.  and  day  7  thymocytes  in  the  presence  of 
LICI2  were  simif^V  (Fig.  1  A).  Furthermore,  dose-response 
analysis  of  thymocytes  from  day  0  and  day  7  revealed 
that,  if  anything,  day  7  cells  responded  a  bit  better  to 
stimulation  with  H57  (Fig.  IB).  PI  hydrolysis  was  slightly 
greater  with  thymocytes  from  3-wcek-old  mice  (perhaps 
reflecting  the  accumulation  of  single-positive  thymo¬ 
cytes),  although  the  dose-response  curves  were  identical. 
Second.  H57-induced  increases  in  [Ca’*^],  were  measured. 
Two  parameters  were  quantitated,  the  time  course  of  the 
increase  and  the  mean  increase  in  |Ca’*li.  Thymocytes 
from  day  0.  1  week,  and  3  weeks  behaved  In  an  identical 
manner.  The  majority  of  cells  In  the  three  groups  re¬ 
sponded  to  H57  and  did  so  with  a  unlmodal  increase  in 
(Ca^*),  (data  not  shown).  All  groups  responded  rapidly  and 
with  equal  plateau  values  (Fig.  2).  Thus,  no  significant 
differences  were  found  in  at  least  these  two  signal  trans¬ 
duction  pathways  during  ontogeny. 

Injection  of  antl-TCR  antibody  and  thymocyte  recov¬ 
ery.  A  relatively  late  event,  and  one  more  directly  relevant 
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Figure  2.  Thymocyte  Ca’"  noblllzalloM  as  a  function  of  . tiic  Dctcrmi 
.nation  of  thymocyte  ICa’*).  wtlli  indo-l  was  iterformed  as  described  in 
Maicriats  and  Methods.  The  iiuucti  b.isi.liiic  iCa'  ii  dc(jiitcd  on  ilic  alt- 
sclssa  represents  cells  that  ucrc  loaded  ivilli  mdu  1  but  ueu  iiuubatc-d 
with  floss,  not  1157.  before  the  addition  of  the  goat  anti-hamster  anti¬ 
body.  The  curves  after  the  gap  reficct  tlic  (Ca’‘|.  levcis  measured  after 
placement  of  the  antibody  treated  <eiis  m  the  I  low  cytometer  |uIik  li  u.is 
done  ap^ro.ximatcly  10  s  after  the  addition  uf  the  goal  aoii  t.,iiiisici 
antibody).  Note  that  In  this  short  time  ilic  cells  from  all  groups  res|>onded 
alncar  maximal  levels. 


TAHI,I-:  I 

Thymocyte  depletion  by  anti  ,i,l  antibodies  after  birth' 
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“Oe  mice  on  day  0  (day  of  birthi  or  at  I  or  3  weeks  aflei  biiili  were 
Injected  l.p  with  1157  (lOpg/gof  mouse  weight  in  cspcrmieiiis  I  and 
6:  5  ^g^g  of  mouse  weight  In  c.vpenmcnts  2.  A.  and  5|  or  equivalent 
amounts  of  hamster  IgC  conlrui  auubudy  diluted  in  .-Mter  an  li. 
thyml  were  harvested,  and  liable  tloniocyic  recuiery  aas  •laaiiiitatcd 
with  trypan  blue  dye  and  light  microscopy  n.  number  ol  mire  in  each 
group. 


to  the  process  of  tblera.ice  induction,  is  the  dcliialiun- 
Induced  clonal  deletion  of  thj  mocytes  bj  apupiusis  (5). 
To  determine  how  this  response  might  vdr>  as  a  functiuu 
of  age,  B6  mice  were  injected  with  H57  (which  has  been 
shown  to  delete  a  subset  of  u,r  immature  thymocytes  iii 
fetal  thymic  organ  culture)  (19)  or  a  hamster  IgO  cuniiol 
on  day  0  (day  of  birth)  or  1  week  or  3  weeks  after  lyirih. 
Thymocytes  were  collected  48  h  later  and  analy/.ed  for 
viable  eell  recovery'  (Table  I).  Inoculation  on  the  day  of 
birth  reproduclbly  resulted  in  about  a  50%  decrease  in 
viable  cell  yield,  whereas  inoculation  7  days  later  had 
little  effect.  Interestingly,  and  in  agreement  with  a  pre¬ 
vious  report  using  the  anti  CD3  antibody  2C1 1  (9).  at  3 
weeks  of  age  the  injection  of  H57  once  more  resulted  in 
a  substantial  reduction  in  cell  yield.  In  indcpcridcril  ex¬ 
periments.  the  injection  of  similar  amounts  of  an  anll-H- 
2*’  mAb  had  little  effect  upon  thymocyte  recovery  nr  mice 
at  any  of  these  ages  (data  not  shown). 

The  difference  between  the  response  of  day  0  and  day 
7  mice  could  not  be  explained  on  the  basis  of  surface 
TCR  expression,  because  thymocyte  cell  surface  TCR 
levels  were  similar  between  these  two  groups,  except  for 
a  slightly  greater  number  of  TCR''"'*’  cells  on  day  7  (Fig. 
3).  Even  In  young  adult  mice,  the  large  majority  of  thy- 
moeytes  were  TCR’®"  (there  was  no  disccrnablc  difference 
in  the  TCR  staining  profiles  between  3  and  6  weeks). 


Flow  cytometric  analysis  of  CD4,  CDS,  and  CD3  expres¬ 
sion  of  thymocytes  from  3-week-old  mice  demonstrated 
that  treatment  with  H57  caused  preferential  deletion  of 
the  CD4*  CDS*  (double-positive)  TCR'®"  cells,  with  rela¬ 
tive  enrichment  (1.5-  to  2-fold)  of  the  CD4*  CDS"  (single- 
positive)  TCR*"^'’  cells  (Fig.  4).  Although  not  demonstrated 
well  in  this  experiment,  in  other  experiments  CD4"  CDS* 
cells  were  also  enriched  by  this  treatment.  Note  that,  by 
taking  absolute  cell  number  into  account  when  compar¬ 
ing  the  experimental  and  control  groups,  we  found  that 
anti-TCR  treatment  predominantely  affected  the  double¬ 
positive  cells.  In  three  independent  experiments,  treat¬ 
ment  with  H57  caused  a  60%  decrease  in  total  cell  recov¬ 
ery.  In  these  experiments,  there  was  a  65%  decrease  in 
the  absolute  number  of  double-positive  cells  but  only  a 
35%  decrease  in  the  number  of  single-positive  cells. 
Given  that  double-positive  cells  are  the  precursors  of 
single  positive  cells,  at  least  some  of  the  decrease  in  the 
latter  is  likely  due  to  fewer  cells  being  available  to  enter 
the  single-positive  population,  rather  than  due  to  a  direct 
effect  of  anti-TCR  antibody  on  the  survival  of  single- 
positive  cells.  Whether  the  H57  treatment  directly  caused 
the  loss  of  any  single-positive  cells  is  unknown.  These 
results  arc  in  agreement  with  organ  culture  studies,  in 
which  anti-CD3  antibodies  were  also  found  to  primarily 
kill  double-positive  thymocytes  (5).  In  another  fetal  organ 
culture  .system.  H57  was  shown  to  delete  —50%  of  TCR'®“' 
thymocytes  and  virtually  all  TCR"'®’’  cells  (19).  The  data 
in  the  present  study  are  consistent' with  the  notion  that 
TCR"'®'’  cells  arc  actually  at  least  relatively  resistant  to 
direct  deletion  but,  when  antibody  is  administered  early 
in  organ  culture,  their  appearance  is  prevented  by  dele¬ 
tion  of  their  TCR'®"'  precursors. 

Treatment  of  thymocytes  in  organ  culture  with  SEB. 
It  was  formally  possible  that  the  change  in  the  suscepti¬ 
bility  to  deletion  was  not  a  property  intrinsic  to  the  thy¬ 
mocytes  themselves  but  was  somehow  the  result  of 
changes  in  accessibility  of  the  thymocytes  ?  •  Cv  ” 
(I.C..  across  a  putative  blood-thymus  barrier)  os  •.ne  p... 
macokinetics  of  injected  H57.  To  avoid  the  potential  com¬ 
plications  that  might  be  introduced  by  using  antibodies 
in  vivo,  wc  made  use  of  a  "superantigen”  that  reacts  with 
the  majority  of  members  of  particular  V/i  families  and 
causes  fhymucyte  programmed  cell  death  and  clonal  dele¬ 
tion  (6.^^).  SEB  is  recognized  by  TCR  that  contain  V^3. 
V',97.  or  Vj38.  exposure  of  thymocytes  to  SEB  in  vivo  or  in 
vitro  specifically  deletes  thymocytes  bearing  these  TCR 
(24).  Thymic  lobes  from  day  0  or  day  7  B6  mice  were 
placed  in  tissue  culture  in  the  presence  or  absence  of 
SEB.  After  overnight  incubation,  a  cell  suspension  was 
made  and  expression  of  V^S  or  V/J6  was  assessed  by  flow 
cytometry  (Fig.  5).  SEB  caused  a  substantial  decrease  in 
the  number  of  V/38‘  thymocytes  when  added  to  day  0 
thymic  lobes.  As  expected,  there  was  a  reciprocal  in¬ 
crease  in  the  fraction  of  SEB-resistant  V/36*  thymocytes. 
In  contrast.  SEB  had  little  effect  on  the  fraction  of  V/J8* 
cells  and  caused  virtually  no  increase  in  V^6*  cells  in  day 
7  thymic  lobes.  These  results  were  reproducible,  with 
similar  results  being  obtained  in  three  Independent  ex¬ 
periments  (average  of  37%  reduction  of  V/?8*  thymocytes 
on  day  0  and  6%  reduction  of  V/38*  thymocytes  on  day  7). 
as  well  as  in  experiments  in  which  SEB  was  injected  into 
BIO.A  mice  (our  unpublished  data).  These  results,  gen¬ 
erated  in  an  in  vitro  system  with  a  supcrantlgen,  together 
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Figures.  Thymocyte  surface  pheno¬ 
type  as  a  function  of  age.  Thymocytes 
from  B6  mice  were  harvested  on  day  0. 
day  7.  or  6  weeks  after  birth,  stained  with 
either  FlTC-couplcd  OKT3  (antl-human 

CD3 - )  or  FITC-coupIcd  H57  ( - ). 

and  analyzed  on  a  FACScan. 


A.  IIunsIcrlgG  B.  1157 


10*  io‘  10*  lo’  10*  10*  lo'  10*  lo’  10* 

Log  Fluorescnce  Intensity  (2Cn) 


C  HunsIerIgG  D.  H57 


CD4 

Flgure4.  Depletion  of  Immature  thymocytes  after  In  vivo  trcntmciU 
with  H57.  Three-week-old  B6  mice  were  injected  with  50  (ig  ol  hamster 
IgG  [A  and  C)  or  H57  (B  and  D]  l.p..  and  48  h  later  thyml  were  removed, 
made  Into  single-cell  suspensions,  and  analyzed  by  flow  cytometry  lor 

CD3  expression  (A  and  B)  {•  -  -  -.  F1TC-OKT3: - .  FITC-2CUI  or  GDI 

and  CD3  expression  (C  and  D|.  Note  that  H57  and  2C1 1  do  not  cross¬ 
block  one  another  when  used  for  staining  cells  (our  unpublished  obser¬ 
vations).  The  percentage  of  total  thymocytes  In  each  quadrant  is  indi¬ 
cated.  H57  treatment  produced  a  49%  reduction  In  viable  thymocyte 
recovery  In  this  experiment. 

With  the  data  obtained  from  the  In  vivo  injection  of  an 
anti-TCR  antibody.  Indicate  that  thymocytes  arc  more 
susceptible  to  activation-induced  clonal  deletion  on  the 
day  of  birth  (and  3  weeks  later)  than  1  week  after  birth. 

Induction  of  programmed  cell  death  by  TCR-inde- 
pendent  reagents.  To  determine  whether  susceptibility 
to  clonal  deletion  is  dependent  on  the  type  of  stimulus, 
thymocytes  were  tested  for  their  response  to  two  reagents 
that  have  been  shown  to  cause  thymocyte  apoptosis,  a 
corticosteroid,  DEX,  and  a  Ca®*  lonophore,  ionomycin  (4, 
5.  25).  In  fact,  the  elevation  of  lCa^*Ii  that  is  caused  by 
either  TCR-mcdlated  activation  or  ionomycin  has  been 
proposed  as  a  critical  event  in  activation-induced  ceil 
death  (26).  To  quantify  the  survival  of  these  cells  after  a 
i5-h  culture,  viability  was  determined  by  using  flow 
cytometry  to  measure  the  exclusion  of  propidium  iodide 
(Table  II).  Although  thymocytes  from  day  0  mice  were 
somewhat  less  viable  in  medium  alone,  the  majority  of 
cells  from  all  groups  survived  in  the  absence  of  any 
stimulus.  Thymocytes  from  mice  of  all  ages  were  suscep- 


Log  Fluorcscncc  Intensity 


10°  in'  in*  10*  lo'  III"  lo'  lo*  in*  in' 


l.og  Fluorcscncc  Intensity 

Figures.  Tliymix-ylc  V/l  expression  after  e-xposure  to  SEB.  Thymic 
lobes  from  B6  mice  were  harvested  on  day  0  or  day  7  aficr  conccpllon 
and  cultured  in  complete  medium  alone  (■  -  -  -lor  complete  medium  plus 

SEB  .It  a  final  concentration  of  30pgfml  ( - )  After  24  h.  thymocyte  cell 

suspensions  were  prepared,  cultured  at  37*C  for  8  li  to.illow  re  c.\prc5Sion 
of  modubitcd  receptors  (19).  and  stained  with  F23.1  or  RR-4  7  culture 
supernatants  followed  by  FITC-goat  anti  mouse  or  FITC  goat  -inti  rat  Ig. 
respectively  Control  staining  was  done  with  the  FITC  labeled  second 
antibody  alone  The  tells  were  analyzed  as  in  Figure  3.  The  percentage 
of  decrease  In  Vtid’  thymocytes  was  48%  (d.iy  0)  and  1 7%  (day  7).  whereas 
the  reciprocal  Increase  In  V/IG'  thymocytes  was  23%  (d.iy  0)  and  9%  (day 
7). 


TABLE  II 

Thymocyte  tlcplcUon  by  rcagwis  that  bypass  the  TCIf 


Trcalmcnl 

Viable  lhym(>c>1c5  ( 

%l 

OayO 

1  Week 

3  Weeks 

Medium 

57(100%) 

74(100%) 

74(100%) 

DEX 

I0'°M 

49(86%) 

68  (92%) 

68  (92%) 

10'"  M 

23(40%) 

42  (57%) 

39  (53%) 

10  ’M 

12(21%) 

24  (32%) 

27  (36%) 

Ionomycin 

0  1  fiM 

43(75%) 

62  (84%) 

65  (88%) 

0.33  pM 

26(46%) 

41  (55%) 

44  (59%) 

1.0  pM 

9(16%) 

10(14%) 

12(16%) 

"  Thymic  lobes  from  B6  mice  on  d,iy  0  (d.ay  of  birth)  or  at  1  or  3  weeks 
after  birth  were  rciuuvcd,  cultured  as  a  singic-ich  suspension  for  15  h. 
and  then  analyzed  for  viability  with  a  FACScan.  as  described  in  Malcrlats 
and  Methods.  Thedata  arc  expressed  as  the  percentage  of  analyzed  cells 
that  did  not  slam  with  propidium  Iodide  (viable).  I  lie  numbers  in  paren¬ 
theses  represent  (pert  entage  of  unstained  cells  in  each  treatment  group/ 
percentage  of  unstained  cells  In  cultures  with  mcillum  alone)  x  100. 

liblc  lo  killing  by  DEX  and  ionomycin.  and  with  similar 
dose-response  relationships.  Analysis  of  parallel  samples 
by  agarose  gel  electrophoresis  demonstrated  that  the 
treatments  that  caused  increased  propidium  iodide  up¬ 
take  also  resulted  in  the  appearance  of  the  typical  DNA 
fragment  “step  ladder”  that  is  characteristic  of  apoptosis 
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{data  not  shown)  Thus,  the  dcIctionall>  refraetorj  state 
of  day  7  thymocytes  docs  not  appear  to  reflect  changes 
In  the  endogenous  autolytlc  machmerj .  because  two  well 
defined  and  Independent  means  of  inducing  apoptosis 
were  equally  efficient  in  all  groups. 

Because  of  the  recent  observation  that  antigenic  stim 
ulation  of  T  cell  hybridomas  that  do  not  express  the  TCR 
fij  subset  was  ineffective  at  inducing  programmed  cell 
death  (27).  the  examination  of  TCR  j  and  o  expression 
in  neonatal  thymocytes  was  undertaken.  Bj  using  cither 
SI  nuclease  protection  of  mRN.\  or  immunoblotting  of 
anti  fprccipitable  proteins  with  an  anti  l,'n  specific  anti 
serum,  we  were  unable  to  detect  an>  marked  differences 
in  TCR-faor  TCR-j^  expression  between  tli>  niocytcsfrom 
da>  0  and  1  week  and  3  week  old  mice  (data  not  shown). 

DISCUSSIO.N' 

The  pattern  of  susceptibiliU  of  thymocytes  to  activa¬ 
tion  induced  depletion  in  early  dc  is  remarkably  similar 
to  that  for  neonatal  tolerance  1 1 U.  28.  29)  and  supports 
an  important  role  for  clonal  delcUuii  in  tins  |jhcnumcnoii. 
In  the  original  studies,  individual  fetuses  were  injected 
with  allogeneic  cells  in  utcro  and  challenged  b  to  8  weeks 
after  birth  with  allogeneic  skin  graft.s.  It  was  found  that, 
the  earlier  the  injection,  the  better  the  tolerance.  In  fact, 
injection  on  or  before  fetal  day  itt  gave  the  best  results, 
with  injection  after  birth  being  progrc-ssivcly  less  effec¬ 
tive.  Because  of  the  technical  d.ificully  of  injecting  em¬ 
bryos.  the  phenomenon  of  ncoi  atal  tolerance  has  been 
studied  almost  exclusively  in  iincc  injected  within  the 
first  24  h  of  life,  the  relative  lack  of  efficac.  being  offset 
by  the  injection  of  relatively  large  numbers  ol  cells  (dU. 
3 1 ).  More  recently .  when  Mis- 1  spiecn  cells  were  injected 
into  Mis  T'  mice  within  24  h  of  birth,  it  was  found  that 
cortisone-resistant  or  CDS  iiiiostly  CD4  singlc-positivej 
V^6*  thymocytes  (i.e..  those  recognizing  Mls-1*)  were  de¬ 
pleted  (32-34).  In  those  studies,  the  relationship  be  ween 
deletion  and  developmental  stage  was  nut  determined. 
The  present  study  offers  a  vjuantitativc  and  direct  means 
of  examining  the  phenomenon  of  neonatal  tolerance  at 
the  cellular  level.  Two  likely  cunolusiuns  can  be  drawn 
from  the  data.  First,  neonatal  tolerance  and  its  unusual 
time  course  can  be  explained  by  the  clonal  deletion  of 
immature.  TCR''’"’.  CD4*  CDS*  thymocytes,  although  it  is 
possible  that  additional  peripheral  mechanisms  also  play 
a  role.  The  difficulty  m  tolcrizmg  with  aliogcnc-ic  cells  1 
week  after  birth  is  that  these  thymocytes  are  relatively 
refractory  to  TCR-m.ediatcd  deletion.  Second,  it  is  a  par¬ 
adox  that,  although  one  can  easily  delete  thymocytes 
from  3-wcck-oId  mice  with  stimuli  that  directly  bind  the 
TCR.  animals  of  this  age  cannot  readily  be  tolcrizcd  with 
allogeneic  cells.  Therefore,  the  inability  to  tolcrizc  young 
adult  mice  (3  to  6  weeks  old)  with  allogeneic  cells  is  not 
because  their  thymocytes  have  passed  beyond  a  dclc- 
tional  state  but  is  perhaps  due  to  the  presence  of  periph¬ 
eral  mature  T  cells  that  can  mount  a  host  vs  graft  re¬ 
sponse  that  either  prevents  or  masks  the  loss  of  alloreac- 
tive  thymocytes.  This  is  consistent  with  the  observation 
that  inoculation  of  12  day  old  mice  with  allogeneic  cells 
actually  enhanced  rejection  of  subsequent  allogeneic  skin 
grafts  (30)  and  the  finding  that  specific  reductions  in 
adult  mice  tolcrizcd  to  Mis  1’  can  occur  if  cyclophospha¬ 
mide  is  administered  to  eliminate  peripheral.  Ag-rcactivc 
T  cells  (I.C.,  host-vs-graft  effector  cells)  (35).  Indeed,  in 


other  experiments,  injection  of  SEB  into  young  adult  mice 
docs  not  lead  to  the  acute  deletion  of  V/J8*  cells,  whereas 
incubation  of  thymi  from  5-vvcck-old  mice  with  SEB  in 
an  organ  culture  system  does  (our  unpublished  observa¬ 
tions).  supporting  the  notion  that  it  is  the  complexity  of 
the  peripheral  mature  T  cell  response  that  prevents  the 
experimentally  induced  clonal  deletion  of  thymocytes 
from  older  mice. 

The  question  of  why  the  ability  of  TCR-mcdiated  stim¬ 
uli  to  cause  clonal  deletion  vanes  in  an  alternating  fash¬ 
ion  after  birth  remains  to  be  answered.  An  attractive 
hypothesis  is  that  maturing  thymocytes  go  through  a 
stage  at  which  they  can  be  easily  deleted  and  that  fetal 
and  early  neonatal  thymocytes  represent  a  relatively  syn¬ 
chronous  wave  of  cells  expressing  this  phenotype.  Con¬ 
sistent  with  this  possibility,  discontinuous  murine  thy'- 
mocyte  growth  and  accumulation  have  been  noted  in  the 
perinatal  period  (36).  By  3  weeks  after  birth,  new  thy 
mocyte  precursors  have  presumably  entered  the  thymus 
and.  thereafter,  at  any  given  time,  there  will  be  asyn 
chronously  developing  cells,  among  which  a  subset  will 
be  susceptible  to  clonal  deletion.  Based  upon  studies  iii 
organ  culture,  it  has  been  suggested  that  there  arc  two 
populations  of  a(i  TCR'""  thymocytes,  one  susceptible  to 
deletion  by  anti-a^  and  one  resistant  (19).  If  so.  then  in 
the  relatively  synchronized  day  7  thymocytes  the  sensi 
tive  population  may  either  have  already  been  deleted  or 
have  matured  to  the  resistant  state.  Regardless,  the  data 
demonstrate  that  all  "immature”  thymocytes  (i.c..  TCR 
CD4*  CDS*)  are  not  equally  sensitive  to  TCR  oi^-mediatcd 
clonal  deletion  and  that  the  ratio  of  those  that  arc  sus 
ccptibic  to  those  that  arc  resistant  changes  during  dev  el 
opmcnl.  Additional  experiments  examining  other  signal 
mg  pathways  and/or  changes  in  nuclear  events  will  be 
required  to  elucidate  the  mechanisms  that  account  for 
these  phenotypes. 
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